For pump-turbines, most of the instabilities couple with high-level pressure fluctuations, which are harmful to pump-turbines, even the whole units. In order to understand the causes of pressure fluctuations and reduce their amplitudes, proper numerical methods should be chosen to obtain the accurate results. The method of large eddy simulation with wall-adapting local eddy-viscosity model was chosen to predict the pressure fluctuations in pump mode of a pumpturbine compared with the method of unsteady Reynolds-averaged Navier-Stokes with two-equation turbulence model shear stress transport k-v. Partial load operating point (0.91Q BEP ) under 15-mm guide vane opening was selected to make a comparison of performance and frequency characteristics between large eddy simulation and unsteady Reynolds-averaged Navier-Stokes based on the experimental validation. Good agreement indicates that the method of large eddy simulation could be applied in the simulation of pump-turbines. Then, a detailed comparison of variation for peak-to-peak value in the whole passage was presented. Both the methods show that the highest level pressure fluctuations occur in the vaneless space. In addition, the propagation of amplitudes of blade pass frequency, 2 times of blade pass frequency, and 3 times of blade pass frequency in the circumferential and flow directions was investigated. Although the difference exists between large eddy simulation and unsteady Reynolds-averaged Navier-Stokes, the trend of variation in different parts is almost the same. Based on the analysis, using the same mesh (8 million), large eddy simulation underestimates pressure characteristics and shows a better result compared with the experiments, while unsteady Reynolds-averaged Navier-Stokes overestimates them.
Introduction
With the rapid development of pumped storage power plants, pump-turbines as the key part trend to higher head, larger capacity, and higher specific speed. However, several problems arise obviously in the operations of pump-turbines, such as hump instability in pump mode, S-shaped instability in turbine mode, and corresponding high-level pressure fluctuations in both the modes. In order to ensure the safe and effective operation, it is significantly important to study the causes of these strong pressure fluctuations. Nevertheless, the first thing is to find a proper method to predict the accurate pressure characteristics.
With the development of computational fluid dynamics (CFD), it has become the primary method of studying pressure fluctuations in pump-turbines. Lots of studies have been carried out to investigate the pressure characteristics, and they indicate the highest level pressure fluctuations occur in the vaneless space of pumpturbines, which generally come from the rotor stator interaction (RSI). 1 Additionally, some other pressure fluctuations induced by rotating stall, 2 vortex rope, 3 and misaligned guide vanes (MGVs) 4 were also presented through experimental and numerical methods.
However, almost all numerical studies are based on the method of unsteady Reynolds-averaged NavierStokes (URANS), which has often been reported to overpredict pressure characteristics compared with the experimental data. Sun et al. 5 presented the distribution of pressure fluctuations in a pump-turbine in pump mode using URANS with two-equation turbulence model shear stress transport (SST) k-v. In his research, the calculated amplitudes of dominant frequencies are much higher than the experiments. Guo et al. 6 obtained the detailed propagation of pressure fluctuations of a pump-turbine in pump mode through the same turbulence model. Then, still the same numerical method was used to study the pressure characteristics in hump instability region by Li et al. 7 Meanwhile, pressure fluctuations of a pump-turbine in turbine mode with MGV were investigated using v 2 À f turbulence model 8 and SST turbulence model. 4 Recently, large eddy simulation (LES), a relatively new type of numerical simulation, is developed rapidly. In LES, Navier-Stokes (N-S) equations are filtered depending on the filter spatially, such as the classical Deardorff 9 filter. Large-sized eddies are solved directly by controlling equations, and small-sized eddies are simulated through sub-grid scale (SGS) models. As a transitional method between Reynolds-averaged Navier-Stokes (RANS) and direct numerical simulation (DNS), LES has been studied in analyzing simple fundamental flows, such as turbulent mixing layers 9 and channel flows. 10, 11 However, it requests longer computational time and more accurate mesh generation. Up to now, little attention was paid to the applications in the industry, especially in the hydraulic machinery.
An LES of a turbulent flow past an airfoil near stall at a chord was performed and compared with windtunnel experiments. Its explicit selective mixed scale model (SMSM) was approved to be the first satisfying LES of relatively complex flow. 12 Byskov et al. 13 investigated a shrouded six-bladed centrifugal pump impeller using LES and reproduced the stall phenomenon observed at quarter load which can be absurd by RANS models.
In the pump, unsteady numerical calculation of an entire multistage pump was performed using LES focusing on the turbulence field evolution inside the impeller. 14, 15 Predictions of LES suggest that Boussinesq's hypothesis does not seem to be valid, especially near the exit of the impeller where the blade unloading takes place. Abramian and Howard 16 applied LES in a turbulent flow through a complete Francis turbine including spiral casing, runner, and draft tube and assessed the validity with measurements on the velocity distribution. Song et al. 17 concluded that LES could predict small phenomenon such as vortex dynamics which guides the design of the Francis turbine. Pacot et al. 18 accurately reproduced phenomenon of rotating stall for a reduced Reynolds number using the LES approach with acceptable computing resources. Jang et al. 19 proved the validity of the LES with experiments using laser Doppler velocimetry (LDV) measurements for analyzing threedimensional structures of the vertical flow field in a propeller fan with a shroud covering only the rear region of its rotor tip. For the sub-grid model test, Bensow and Liefvendahl 20 performed explicit and implicit modeling. It confirmed that implicit modeling gives a better prediction of the global performance of the propeller. As a conclusion, LES could be applied in simulating in pump-turbines. Moreover, some efforts have been carried out in pump-turbines.
For pump-turbines, most of the instabilities, such as hump and S-shaped instabilities, couple with high-level pressure fluctuations, which are harmful to pump-turbines. To obtain more accurate pressure fluctuations, the method of LES was chosen in this research to assess the feasibility in simulating pump characteristics of a pump-turbine. Based on the experimental validation, frequency characteristics of the whole water passage were analyzed using the method of LES and URANS.
Numerical simulation

Numerical model
The pump-turbine model consists of a spiral casing, a runner with 9 blades, 20 adjustable guide vanes, 20 stay vanes including a special stay vane, and a draft tube. The specific speed n q = 30.7 is calculated according to equation (1) . The computational domain is shown in Figure 1 . Table 1 lists the main parameters of the pump-turbine
where Q is the discharge of optimum efficiency point in pump mode (m 3 /s), H is the head (m), and n is rotational speed (r/min).
Mesh information
The meshes for all the parts were generated by ANSYS 14.0 module ICEM. Because of the sharp shape of the spiral casing tongue, an adapted mesh was created using unstructured tetrahedral cells. The distance of the first layer off the solid wall is 0.003 mm for runner blades and stay-guide vanes. y + in average in the runner and stay-guide vanes is less than 2. The total number of nodes of the mesh is 7.92 million. Table 2 reports the detailed information for all the parts.
Boundary conditions
In the LES simulation, spectral synthesizer was chosen to generate the fluctuating velocity at the draft inlet. The rest of the boundary conditions are the same with the ones used in the URANS simulation. Mass flow inlet was used at the draft tube (pump mode) according to the experimental data. The turbulence option was specified as intensity (2%) and hydraulic diameter (280.5 mm) at the inlet. Static pressure (0 Pa) at spiral casing outlet was set. No-slip wall conditions were imposed for all the remaining solid walls.
Numerical setup
The chosen SGS model is very important to the numerical results. Wall-adapting local eddy-viscosity (WALE) model, which is based on the square of the velocity gradient tensor, was proposed by Nicoud and Ducros 21 and has a proper near wall behavior. The WALE model is invariant to any coordinate translation or rotation, and only local information is needed so that it is well suited for LES in complex geometry. 22 Due to the complex geometry of pump-turbines, this model is suitable for this study.
In the LES simulation, the spatial discretization scheme is second order for pressure and least squares cell based for gradient. Bounded central differencing is chosen for momentum because it could produce a low numerical diffusion. 23 Under-relaxation factors for pressure, density, bodyforce, and momentum are 0.3, 1, 1, and 0.7, respectively. In the URANS simulation, under-relaxation factors for pressure, density, bodyforce, and momentum are the same with the ones in LES. In addition, for turbulent kinetic energy, it is 0.8. Second upwind for momentum, turbulent kinetic energy, and specific dissipation rate terms was set for spatial discretization schemes. For pressure and gradient, schemes are also the same with the ones in LES. In both the methods, SIMPLEC algorithm was used for pressure-velocity coupling, and the residual criterion was set as 10 26 with 100 internal iterations. Time step was set as 0.0002 s corresponding to 1.2°of rotation for the runner per step.
Mesh validation
Five sets of girds with different number of nodes were created using ANSYS 14.0 module ICEM to test the grid independence. The variation of performance Figure 2 . For the head of the pump-turbine, in the SST k-v simulation, as the number of the nodes is increased, the head increases; in the LES simulation, with the increase in the number, the head decreases. When the number reaches 8 3 10 6 , the heads are very close to experimental value (42.82 m), and the errors are, respectively, 20.48% and 0.19% for SST k-v and LES simulations compared with experiments. With respect to the efficiency of the pump-turbine, for both the methods, the efficiencies increase with the increase in the number. For the 8 million of nodes, the efficiencies are also close to the experiments, and the errors are \1.5% (0.12% for SST k-v, 1.13% for LES). Based on the above validation, the fifth set of grid was used in simulations.
Additionally, in LES simulation, the accuracy of the mesh shows much more important due to the requirements of LES. Two sets of grids were validated using other methods in this research. The number of the coarse mesh is 4.5 million, and the fine one is 8 million as shown in Figure 3 . The contours of vorticity for different meshes are shown in Figure 4 . In Figure 4 (a), small flow separation regions could be observed only around the blades and vanes. Unlike the second mesh (Figure 4(b) ), small vortices in the passages of the runner and vanes could be captured in the simulations.
The SGS viscosity to water molecular viscosity is shown in Figure 5 . The closer to 1 the value of n sgs =n, the more the accuracy for the simulation. From Figure  5 , the values for most regions are close to 1 for the two meshes, although some small high-value areas still exist. Considering the capacity of the computer and the vortex scale in pump-turbines, the second mesh was chosen in the following simulations.
Experimental validation
Validation of performance characteristics
Partial discharge operating point 0.91Q BEP under 15-mm guide vane opening was simulated in this research. For the pump-turbine, 27-mm guide vane opening is optimum, where the maximum efficiency is 91.57%. Hence, 15 mm is relatively small guide vane opening. Performance curves under 15-mm guide vane opening are shown in Figure 6 . Point 0.91Q BEP is a turn point (wave peak) in the head-discharge curve. In order to validate the accuracy of the numerical simulations, the experimental data obtained from Harbin Institute of Large Electrical Machinery (HILEM) were compared with the numerical results in Figure 6 . The detailed information of comparison is shown in Table 3 . Subscripts ''Sim'' and ''Exp'' stand for the results from simulations and experiments, respectively. Subscript ''Error'' denotes the error between the numerical and experimental data, which is defined as follows
Where, F represents H, T and h. As listed in Table 3 , the head error predicted in LES simulation compared with experiments is 1.95%, while for URANS, it is 27.15%. The torque errors for both the methods are \1%. It is 0.04% for the LES and 20.85% for the URANS. With respect to efficiency, the errors are .3% (3.06% for LES, 25.35% for URANS) due to simplification of geometry of the pump-turbine in the simulations. In sum, all the numerical results from the LES show better than URANS, especially for the torque. Furthermore, LES overpredicts all the performance characteristics, while URANS underestimates them. Nevertheless, the accuracies between the numerical simulations and experiments for both the methods are in a reasonable range in predicting the performance characteristics.
Validation of pressure fluctuations
In order to validate the feasibility for prediction of pressure characteristics, eight sensors were set in the experiments as shown in Figure 7 . A total of two points were set in the elbow of the draft tube, two points in the cone of the draft tube, two points in vaneless space between the runner outlet and guide vane inlet, one point in the channel of the stay vanes, and one point in the outlet of the spiral casing. Experiments of pressures fluctuations were carried out in HILEM. All the sensors were calibrated before the experiments. The sampling rate is 4000 Hz, and the number of the sampling is 40,000. DH indicates peak-to-peak value for the pressure fluctuation of pressure-time signal. Generally, DH/H is used to show the relative value of the pressure fluctuation. Point 0.91Q BEP was chosen in this study to make a comparison between different numerical methods and experiments. Based on the results of RANS, the simulation of URANS was performed for 15 revolutions. The remaining eight revolutions were used to analyze the pressure characteristics. A comparison of DH/H between the simulations and experiments for eight monitoring points is shown in Figure 8 . The highest level pressure fluctuation occurs between runner outlet and guide vane inlet (RG1, RG2), which mainly results from RSI. 24 In the draft tube, both the methods could better predict the value of DH/H (see Figure 8 ). In the vaneless space, LES shows a bit better performance, where the values are closer to experiments. However, both show a large error in spiral casing and stay vanes. Nevertheless, it can be concluded that the tendency of variation is almost the same for numerical results and experiments. The pressure fluctuation increases from draft tube to vaneless space and then decreases to the spiral casing. The nondimensional coefficient of pressure fluctuation is defined according to equation (3) , which stands for how much the pressure fluctuations relative to the kinetic energy at the runner outlet
where p is the instantaneous pressure (Pa), p is the averaged pressure (Pa), r is the density (kg/m 3 ), and u 2 is the circumferential velocity at the runner outlet (m/s). Figure 9 depicts frequency spectrum for different monitoring points between numerical results and experiments. For all the monitoring points, the amplitudes of dominant frequencies predicted by URANS are larger than experiments, while the ones obtained from LES are lower. This may be the reason that LES overestimates the performance characteristics, while URANS underestimates them as shown in Table 3 . Besides the point in the spiral casing, blade pass frequency (BPF) and its harmonic frequencies (2BPF and 3BPF) could be predicted very well.
In the draft tube, both the methods of LES and URANS overestimate the dominant frequencies. In the experiments, two low frequencies (1.16f n and 3f n ) could be observed, which are not well predicted by both the methods. In both the simulations, complex low frequencies are found, which may be related to boundary conditions (inlet turbulence intension).
In the vaneless space, all the dominant frequencies from both the simulations agree well with experiments, especially the first dominant frequency (BPF) and second dominant frequency (0.1f n ). Moreover, URANS overestimates most of the dominant frequencies, while LES underestimates them and shows closer to experiments. In this part, the mesh was refined, and the numerical results agree well with experimental data.
In the stay vanes, the extremely high amplitude 0.12f n could be found in URANS, while this frequency is not so high in LES and experiments. It can be also seen that BPF and 2BPF predicted for both the methods agree with the experiments.
In the spiral casing, both the methods underestimate the value. Only two low frequencies could be predicted well. BPF and its harmonic frequencies could be not obtained in both the methods, while they feature obviously high amplitudes in the experiments. This may be due to poor mesh in this part.
In sum, both the methods could better predict dominant frequencies, especially in vaneless space. Due to the little number of the nodes in the draft tube and spiral casing, the numerical results are not very good compared with the experimental data. Nevertheless, BPF and its harmonic frequencies could be well predicated in the whole passage except spiral casing part.
Results and discussion
Monitoring points in the simulations
To obtain more detailed information between LES and URANS, more monitoring points were set in the whole passage. A total of 8 points were set in the spiral casing and named from SC1 to SC8, 34 points between runner outlet and guide vane named from VL1 to VL34 at the circumference, 10 groups of points in guide vane passages named from GV1 to GV50, and 19 points in stay vane passages named from SV1 to SV19. The detailed distribution for monitoring points is depicted in Figure  10 . In the guide vane passages, for every group of points, the number decreases from guide vane inlet to outlet (pump mode).
Variation of peak-to-peak value
Variation of peak-to-peak pressure fluctuations in the whole passage is shown in Figure 11 . From Figure  11 (a), in the spiral casing, the tendency of variation is the same for LES and URANS, and the difference between the two methods is small. From the spiral casing outlet to the spiral tongue, DH/H shows an obvious increase, which indicates the sharp shape of the spiral tongue has an obvious impact on pressure fluctuations.
From Figure 11 (b), in the stay vane passages, DH/H decreases along the flow direction. The tendency for both the methods is almost the same; only the amplitudes for several points show a large difference. For URANS, the amplitudes of four points (SV5, SV7, SV11, and SV13) are obviously higher than the ones from LES.
From Figure 11 (c), in the guide vane passages, for every group of monitoring points, DH/H increases from the first point to the second point along the flow direction, and then it decreases from the third point to the fourth point; finally, it increases again from the fourth point to fifth point.
From Figure 11 (d), in the vaneless space between runner outlet and guide vane inlet, the variation of DH/ H is periodic for both the methods. The values predicted by LES are much smaller than the ones through URANS. In addition, the values close to special stay vane are larger than the remaining ones for both the methods. This indicates that vortices occur in the channels around the special stay vane.
Although the difference exists between LES and URANS, the tendency of the variation in different parts is almost the same. It shows that both the methods could better predict the variation of pressure fluctuations.
Propagation of BPF, 2BPF, and 3BPF
Based on the above analysis, both the methods could better predict BPF and its harmonic frequencies, especially in the vaneless space. Additionally, the highest level pressure fluctuations occur in the vaneless space, which mainly come from RSI between guide vanes and runner blades. Hence, propagation of BPF, 2BPF, and 3BPF is compared between LES and URANS in the circumferential and flow directions. Figure 12 shows the distribution of BPF at the circumference. It can be noticed that most of the amplitudes from URANS are larger than the ones from LES. Two high-amplitude regions could be noted for both the methods. Although the amplitudes between the two methods are different, the variation of distribution is similar. In addition, the difference between the highamplitude region and low-amplitude region is much more obvious from URANS than the one from LES. Figure 13 presents the distribution of 2BPF in the vaneless space. The distribution is also almost the same for both the methods. Also, the amplitudes between the two methods are closer than the ones for BPF. For LES, four high-amplitude regions could be distinguished. The distribution of 3BPF at the circumference is depicted in Figure 14 . Although the variation is still the similar for both the methods, the amplitudes obtained from LES change larger than the ones from URANS. The distribution for both the methods shows a little difference.
The distribution of amplitudes of BPF, 2BPF, and 3BPF along the flow direction is given in Figure 15 . For both the methods, the amplitudes of BPF increase sharply from the draft tube to the vaneless space and show a decline along the guide vane passage and then have a quick drop in the stay vanes and the spiral casing. For LES, the tendency is almost the same with the one in URANS. Only from the outlet of stay vanes to the spiral casing outlet, the amplitude keeps no change. The variation of 2BPF is almost the same with BPF. The amplitudes in the guide vanes and stay vanes from URANS become larger than the ones from LES. For 3BPF, the amplitudes of all the points from LES are almost the same with the ones from URANS. Nevertheless, the tendency of BPF, 2BPF, and 3BPF along the flow direction is almost the same for both the methods, which is similar with the one predicted in another pump-turbine in pump mode by Sun et al. 
Conclusion
This study presents the difference in pressure fluctuation in pump mode of a pump-turbine between the methods of LES with WALE model and URANS with two-equation turbulence model SST k-v. Based on the experimental validation, performance characteristics and BPF and its harmonic frequencies could be predicted by both the methods. Moreover, LES has some advantages in predicting performance characteristics, and the amplitudes of BPF and its harmonic frequencies are much closer to the experiment data.
A comparison of variation of peak-to-peak value for pressure fluctuation in the whole passage shows that the tendency of variation in different parts for both the methods is almost the same. The propagation of amplitudes of BPF, 2BPF, and 3BPF in the circumferential and flow directions is also similar. It can be concluded that the method of LES could be applied in simulating pump-turbines.
However, it is also found that URANS underestimates performance characteristics and overestimates pressure fluctuations, while LES is opposite for these characteristics. This might result from the mesh. Both the methods use the same mesh, but the requirements of LES and URANS simulations are different. Using 8 millions of nodes, URANS could better predict vortices in the whole passage. Hence, performance characteristic parameters obtained from URANS are lower than the experiments, and frequency amplitudes are higher than the experiments.
A further study should be continued in the next step. The number of nodes should be added in the whole passage for the method of LES. Some schemes of LES should be improved to obtain better results compared with the experiments. Moreover, some monitoring points in the runner should be added to make a comparison between LES and URANS.
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